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Introduction
It has been recognized that obstructive sleep apnea syndrome (OSAS) is one of the important risk factors of cardiovascular disorders, including hypertension, ischemic heart disease and cerebrovascular diseases (1) (2) (3) (4) (5) . Although obstructive sleep apnea (OSA) itself, OSA-related autonomic dysfunction and OSA-induced hypoxic stress may be dependently or independently involved in the development of cardiovascular disor-ders, the exact mechanism remains to be elucidated (6, 7) .
One of the potential mechanisms is that OSAS-induced hypoxic stress and oxidative stress may increase circulating inflammatory mediators including adhesion molecules, inflammatory cytokines, and high sensitivity C-reactive protein (hsCRP), leading to hypertension and cardiovascular events (8) (9) (10) (11) (12) . In addition, it has been reported that endothelium-dependent vasorelaxation is impaired in patients with OSA, with changes in the balance of endothelium-derived vasoactive factors favoring vasoconstriction (13) . Whereas vasoconstrictors have been reported to be elevated in patients with OSAS, hypoxia, oxidative stress, inflammatory cytokines, endothelin, shear stress, and other changes induced by OSAS have been implicated in the production of adrenomedullin (ADM), which is a potent endothelial-derived vasodilator (14) . Nocturnal chronic hypoxia caused by OSA, which is one of the major causes of pulmonary vascular remodeling, may induce the production of both reactive oxygen species (ROS) and ADM. Recent studies have indicated that hypoxia upregulates the expression of ADM, which is not only a potent vasodilator but also an antioxidant (15, 16) . Because OSAS causes hypoxia, vasoconstriction, endothelin production, oxidative stress, shear stress, and the production of inflammatory cytokines, we hypothesized that circulating ADM is increased in patients with OSAS.
For the treatment of OSAS, nasal continuous positive airway pressure (nCPAP) has been reported to be effective (4, 17) , reducing blood pressure (BP) during both the night and day. Although it is expected that nCPAP may ultimately improve the prognosis of cerebrovascular disorders associated with OSAS, its exact mechanism has not been clarified.
In the current study, we hypothesized that nCPAP may decrease OSAS-induced hypoxic stress and ROS production, and thereby decrease the counter effects of the vasorelaxant activity of ADM. To examine this hypothesis, we measured BP, plasma ADM and generation of ROS by leukocytes before and after nCPAP therapy in OSAS patients.
Methods

Subjects
Among patients diagnosed with OSAS in our department, 48 male subjects participated in the current study. As age and body mass index (BMI)-matched controls without OSAS, 48 male subjects were chosen and studied. Further, 40 agematched, but normal-BMI subjects were studied as an additional control group. No subjects had any history of cardiovascular, pulmonary, metabolic or neuromuscular diseases, and all 48 patients were found to be free of each of the following: 1) renal and renovascular hypertension, 2) moderate hypertension, defined as a systolic BP (SBP) > 160 mmHg and/or diastolic BP (DBP) > 100 mmHg (18), 3) chronic renal and hepatic diseases, and 4) diabetes mellitus. No subject had an abnormal level of renin or aldosterone in plasma samples obtained in the supine position following a 15 min rest. Fasting plasma glucose (FPG) levels were less than 110 mg/dL, and hemoglobin A1c (HbA1c) levels were less than 6.0% in all participants in this study. Patients who smoked or had systemic infections at the time of the study or within 2 weeks before the study were excluded. No patients were treated with antihypertensive agents. All subjects were in a stable condi- tion for 1 month prior to the study. These subjects were examined with polysomnography and classified as obese control subjects. All patients in the BMI-matched control group were examined by polysomnography and classified as obese. Although all the patients (i.e., the experimental group) were obese, control subjects included obese and non-obese subjects for examining the effect of obesity on the plasma ADM and ROS production by peripheral leukocytes. All control subjects were examined by polysomnography and classified as obese or non-obese according to the data of the apnea-hypopnea index (AHI). The diagnosis of OSAS was also established with polysomnography. For the purpose of identifying the effect of nCPAP treatment on circulating ADM levels in OSAS patients, patients with mild OSAS were excluded because they tend to be less compliant with nCPAP therapy, and because the insurance system in Japan does not cover nCPAP therapy for mild OSAS patients. The study was approved by the Institutional Review Board of the Ethics Committee of Tokyo University Hospital, and all patients gave written informed consent. The characteristics of the subjects in the OSAS and control groups are shown in Table 1 . There were no significant differences in age and BMI between the two groups, while the AHI in the OSAS group was markedly greater than that in the controls. There were no significant differences in BP or metabolic indices. Following the polysomnography study, the patients with OSAS underwent therapeutic nCPAP treatment, and 48 subjects continued to receive nCPAP successfully for 6 months or longer. The Epworth Sleepiness Scale (ESS) was used to investigate changes in subjective daytime sleepiness. BP and heart rate (HR) were measured three times per day during the hospital stay. The values of these parameters were defined as the mean of the three measurements taken on the day before the initial polysomnography.
Polysomnography
The subjects underwent polysomnography for two consecutive nights. The results of the second night were analyzed to rule out the possible influence of any first-night effects on polysomnography. The polysomnography included an electroencephalogram (EEG), an electro-oculogram, an electromyogram of the chin, and an electrocardiogram (DG Compact32; Medelec, Woking, UK). Surface electrodes were used to record two channels of EEG (C3A2, C4A1), right and left electro-oculography, and submental electromyography. We monitored ventilation and airflow using inductive plethysmography (Respitrace; Ambulatory Monitoring, Ardsley, USA) and thermistors (Fukuda-Sangyo, Chiba, Japan) placed at the nostril and mouth. Arterial oxygen saturation (SaO2) was continuously measured via pulse oxymeter (Datex, Helsinki, Finland). Data acquisition was performed overnight starting at 9:00 PM until 7:00 AM the next morning (19, 20) . Apnea was defined as continuous cessation of airflow for > 10 s, and hypopnea was defined as a reduction in airflow for > 10 s with oxygen desaturation of 4% or an EEG arousal from sleep. Apneas were classified as obstructive, mixed, or central according to standard criteria by the American Academy of Sleep Medicine. The AHI was calculated as the total number of episodes of apnea and hypopnea per hour of sleep. An AHI of 5 was considered diagnostic of OSAS.
nCPAP Treatment
Before introduction of nCPAP, the patients with OSAS slept while connected to an automatic titration device (AutoSet; ResMed, North Ryde, Australia). The following night, these patients slept while connected to a conventional continuous positive airway pressure machine (S6 CPAP; ResMed) set at a fixed pressure determined from the results of the AutoSet. Thereafter, a nCPAP machine (REM star; Respironics Inc., Murrysville, USA) commonly prescribed for home use was prescribed for each patient. The duration of nCPAP treatment was 6 months or longer. Compliance was assessed with hourly meter readings, and the mean daily duration of nCPAP use was 5.8±0.5 (±SD) h in patients with OSAS. From 1 to 6 months after the introduction of nCPAP, the patients with OSAS were admitted, and polysomnography was re-performed as the patient received nCPAP. Samples of venous blood were obtained at 7:30 to 8:00 AM, and used for further analysis.
Assessment of Hypoxic Episodes and Arterial Oxygen Desaturation Magnitude
To assess OSAS-induced hypoxia quantitatively, we used several parameters, including the number of nocturnal apneas, and number of oxyhemoglobin desaturations. The number of significant oxyhemoglobin desaturations (SDS) was determined by drops in oxyhemoglobin saturation of more than 2%, 4%, and 6%. Drops in SaO2 lasting more than 5 s were counted. We also applied the oxyhemoglobin desaturation index (ODI) in this study as previously described (8, 9) . Desaturation episodes were defined as hypoxia of SaO2 ≤ 90%. We defined ODI according to the formula
where t is the time of desaturation (h) (8, 9) . As shown in the equation, ODI expresses the severity of hypoxic stress quantitatively.
Measurements of Circulating ADM
We obtained peripheral blood from the subjects at 7:30 to 8:00 AM before and after the 1 to 6 months of nCPAP treatment. Blood samples were placed in chilled polypropylene tubes containing ethylene-diamine-tetraacetic acid (EDTA) (1 mg/mL of blood) and aprotinin (Sigma Chemical Co., St. Louis, USA) (500 kU/mL of blood). The blood samples were then centrifuged at 250 × g and 4°C for 10 min, and the plasma was separated and stored at −80°C until analysis. ADM was measured by a specific and sensitive radioimmunoassay using the kit from Phoenix Pharmaceuticals (Mountain View, USA). The range of the standard curve was 0.5 to 128 pg/mL. The interassay and intra-assay variabilities were 10.6±2.8% and 10.1±1.9%, respectively.
Measurements of Spontaneous Production and Phorbol-12-Myristate-13-Acetate-Induced Generation of ROS by Peripheral Blood Leukocytes
We obtained peripheral blood from the subjects at 7:30 to 8:00 AM on the day before and the day after the nCPAP treatment. Leukocytes were obtained from the blood using the density gradient centrifugation method. Briefly, 5 mL of peripheral venous blood was stratified on 3 mL of a Polymorphprep cell separation medium (Axis-Shield, Oslo, Norway), and the polymorphonuclear cells (PMNs) were separated by means of density gradient centrifugation. After centrifugation, the upper mononuclear cell band was discarded, and the lower PMN band was removed and washed in RPMI-1640 medium containing glutamine (Sigma Chemical Co.). Any residual erythrocytes in the granulocyte preparation were lysed using a 0.15 mol/L NH4Cl solution (pH 7.4). After the aggregates were disrupted by being passed through a needle with an internal diameter of 150 mm, the PMNs were collected, washed in RPMI-1640, and tested for viability by means of trypan blue exclusion. The number of cells in the final cell suspension used for each test was adjusted by means of counting in a hemacytometer. ROS generation by peripheral blood leukocytes was measured by the lucigenin-dependent chemiluminescence method using a photon counter, Biolumat LB9505 (Berthold, FRG) (21, 22) . The ROS generation by peripheral blood leukocytes was determined as the increase of chemiluminescence after stimulation with phorbol-12-myristate-13-acetate (PMA) (Sigma Chemical Co.). The 10 5 of peripheral blood leukocytes were suspended in 900 μL of HBSS containing Ca 2+ and Mg 2+ (pH 7.4) (Life Technologies, Inc., Grand Island, USA), and pre-warmed for 15 min at 37°C with 50 μL of lucigenin (2 mg/mL). Oxygen radical generation was measured for 90 min at 37°C with stimulation of 10 μL of PMA (0.1 mg/mL). Data were expressed as the peak counts of chemiluminescence for 90 min after stimulation, since previous studies indicated that peak counts were always observed within 90 min and the results were reproducible (21, 22) .
Data Analysis
The significance of differences within groups was analyzed with a Student's paired t-test, and the significance of differ- ences between groups was performed by analysis of variance first, followed by t-tests with Bonferroni correction. The correlation was analyzed with a Spearman rank correlation. Results are expressed as the mean±SD, and values of p < 0.05 were considered to indicate statistical significance.
Results
Assessment of Hypoxic Episodes
There were significant differences in baseline ODI between the OSAS and control groups (2.41±0.36 and 0.02±0.01, respectively; p < 0.001), suggesting that the OSAS patients were exposed to a significantly greater degree of hypoxia than the control subjects ( Table 2) . Figure 1 summarizes the ADM and ROS levels at baseline. The levels of both ADM and ROS in the OSAS group were significantly greater than those in the control group (Fig. 1) . Baseline ADM levels in the OSAS group were significantly greater than those in the obese control (BMI≥ 24) groups (49.1±4.7 vs. 23.9±5.2 pg/mL, respectively). There was no significant difference in ADM levels between normal-BMI controls and obese controls. The ADM levels in very severe OSAS patients (AHI≥ 45) were greater than those in moderate OSAS patients (15≤ AHI< 30). The ROS production by peripheral leukocytes in the OSAS group was significantly greater than that in obese control subjects without OSAS (Fig.  2a) . There was a significant difference in ROS production between moderate OSAS patients and very severe OSAS patients. The PMA-induced generation of ROS by the leukocytes from OSAS patients was also greater than that from obese control subjects (Fig. 2b) . The ROS production and generation were not different between normal-BMI controls and obese controls. Figure 3 demonstrates the relationships between ADM and AHI or arterial oxygen desaturation magnitude as indicated by ODI. As shown, a significant correlation was observed between ADM and hypoxic episodes (ODI) rather than apnea episodes (AHI). Similarly, a significant correlation between ROS and ODI was detected, whereas a positive but insignificant association was suggested between ROS and AHI (Fig.  4) . Figure 5 shows the correlation between circulating ADM levels and spontaneous production of ROS or PMA-stimulated generation of ROS by 10 5 peripheral blood leukocytes. There was a fairly good correlation between circulating ADM levels and the amount of ROS production by peripheral blood leukocytes. Table 3 shows the correlations between ADM and sleep apnea-related variables, including nocturnal hypoxia and oxi-
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Fig. 4. Correlation between spontaneous production of reactive oxygen species (ROS) and sleep apnea-associated parameters, i.e., a: apnea-hypopnea index (AHI) and b: oxygen desaturation magnitude as indicated by oxyhemoglobin desaturation index (ODI).
dant stress. The circulating ADM levels were significantly associated with the nocturnal hypoxic variables rather than with the apnea itself. The AHI, the ODI, the sleeping time spent below 90% SaO2, and the lowest SaO2t were correlated with circulating ADM levels. In terms of p values, the association between ODI and ADM was more significant than that between AHI and ADM. In addition, ROS production and generation were significantly correlated with ADM values, but the arousal index was not.
Effects of nCPAP on Physiological Indices and Circulating ADM and ROS Production
Following nCPAP, a decrease in sleepiness was observed in all of the OSAS patients that successfully received therapeutic nCPAP. Consequently, nCPAP significantly decreased apnea and oxyhemoglobin desaturation (Table 4) . Figure 6 summarizes the effects of long-term nCPAP on ADM and ROS levels. As shown, nCPAP treatment significantly decreased the levels of both ADM and ROS in the treated OSAS group. The effect was observed continuously over the 3-6 months of nCPAP treatment. Figure 7 shows the relationships between the reduced magnitude of circulating ADM following nCPAP treatment and the reduced magnitude of spontaneous production of ROS or generation of ROS by peripheral blood leukocytes following nCPAP treatment in patients with OSAS. There was a significant correlation between the reduced magnitude of circulating ADM and the reduced magnitude of spontaneous production of ROS or generation of ROS by peripheral blood leukocytes in the patients.
Discussion
In the present study, circulating ADM levels were significantly increased in OSAS patients compared to control subjects. In addition, 6 months of treatment with nCPAP decreased apnea, oxyhemoglobin desaturation, ROS production by peripheral leukocytes and the circulating ADM in the OSAS patients. At baseline, the levels of both ADM and ROS
Fig. 5. Correlation between circulating ADM levels and a: spontaneous production of ROS or b: PMA-stimulated generation of ROS by 10
5 peripheral blood leukocytes. in the OSAS group were significantly greater than those in the control group. The ADM level was positively associated with the magnitude of ROS production in the patients. Both the ADM level and the amount of ROS were positively correlated with the severity of hypoxia as indexed by the ODI. These observations suggest that nCPAP therapy may have reduced OSAS-induced hypoxia and production of ROS, leading to the decreased levels of ADM. Several issues warrant consideration before discussing the results. First, we measured circulating levels of ADM, but not tissue levels of ADM, in OSAS patients. Because the plasma levels of ADM and tissue and vascular endothelium levels of ADM may not be the same, we do not have real evidence of a significant relationship between the OSAS-induced hypoxic stress and the functional ADM levels in the endothelium. However, exogenous ADM has been reported to act as an effective vasodilator. Thus the increased levels of circulating ADM may have a significant effect on the vasodilation in the OSAS patients. Secondly, we measured ROS by leukocytes in vitro. These leukocytes were drawn from the patients, but we could not assess the exact ROS production in vivo. This approach-i.e., the in vitro measurement of ROS generation-has been widely used (23, 24) , but it remains unclear whether it precisely reflects the actual production of ROS by circulating leukocytes or other cells. However, previous studies have suggested that ROS production is increased in patients with OSAS both in vivo and in vitro (25, 26) . Therefore, it may be reasonable to speculate, based on our data, that the ROS production in vivo was also increased in OSAS patients before nCPAP treatment and decreased after nCPAP treatment. Thirdly, the mean value of BP in patients with OSAS was slightly greater than the control values. Therefore, this increase of BP may have affected the plasma ADM levels in the OSAS patients.
It has been recently reported that OSAS does not exert any significant acute or chronic effects on plasma ADM levels (27) . However, the study sample was very small in this earlier report, and the magnitude of hypoxic stress was not examined. Therefore, while the authors can speculate that OSAS itself has an effect on the ADM levels, they cannot comment on the effects of OSAS-induced hypoxic stress and/or oxidative stress on the ADM levels in OSAS patients. At 2:00 AM, the levels of ADM in the OSAS group (28.2±5.9 pg/mL) were slightly greater than those in the control group (23.3±5.1 pg/mL) in their study (27) . Thus, the results cannot completely rule out an increase in the ADM level in patients with OSAS and nocturnal hypoxemia. While they did indicate that there was no association between OSAS and the levels of ADM in their patients, they did not indicate a relationship between OSAS-induced oxyhemoglobin desaturation and the levels of ADM. In fact, our study indicated that the ADM levels were not correlated with BMI or the number of apneas, but were well correlated with the magnitude of hypoxia as indicated by ODI. These results were also supported by the recent study of Schulz and coworkers (28) . They found that OSAS patients had markedly elevated ADM concentrations when compared to the controls. They also found that two nights of nCPAP therapy decreased ADM levels significantly (28). It has been recently postulated that an inflammatory process plays a crucial role in the pathogenesis of atherosclerosis, which in turn can lead to various cardiovascular disorders (29) (30) (31) . In a previous study, we reported that the circulating intercellular adhesion molecule-1 (ICAM-1) level in patients with OSAS was significantly increased compared to that in the control group, suggesting that OSAS-induced hypoxia may induce the activation of ICAM-1 and the inflammation of the endothelium in patients with OSAS (8, 9) . Further, we have also demonstrated that the circulating interleukin-8 (IL-8) and MCP-1 levels were increased in OSAS patients compared to control subjects. In that study, there was a significant correlation between circulating ICAM-1 and IL-8 in the OSAS patients (9) . In addition, we also found that the serum level of nitrite/nitrates (NOx), which are stable metabolites of NO, was lower in patients with OSAS than in control subjects (32) . There was a significant negative correlation between serum nitrites/nitrates and the magnitude of oxygen desaturation. Further, nocturnal oxygen supplementation increased the NOx level but did not affect the apneas, suggesting that repeated episodes of nocturnal hypoxemia is one of the mechanisms responsible for the impaired NO production in patients with OSAS. Because the measurements of brachial artery diameter under baseline conditions, during reactive hyperemia and after sublingual administration of nitroglycerin (an endothelium-independent vasodilator) indicate that patients with OSAS have an impairment of resistance-vessel endothelium-dependent vasodilation, the endothelial function in OSAS may be disturbed (33, 34) .
Because ADM is reported to induce cell surface expression of the adhesion molecules E-selectin, vascular cell adhesion molecule-1 (VCAM-1), and ICAM-1 on human endothelial cells, an increase in the level of ADM is one of the mechanisms involved in the increase in ICAM-1 in OSAS patients (11, 35) . It has also been reported that the ADM inhibits vascular endothelial growth factor (VEGF)-stimulated ICAM-1 and VCAM-1 expression through a phosphatidylinositol 3′-kinase/Akt pathway (36) . Although circulating VEGF levels are elevated in OSAS patients, the ADM might have an antiinflammatory role in controlling VEGF-induced adhesion molecule gene expression and adhesiveness toward leukocytes in endothelial cells (37) .
To treat patients with OSAS, nCPAP therapy is widely used, since nCPAP reduces excessive daytime sleepiness and increases quality of life (4, 17) . Based on recent studies, nCPAP is expected to have beneficial effects on the prognosis of OSAS-associated diseases, although further evidence will be needed to confirm this hypothesis. We therefore performed this study to address the question of whether nCPAP could affect physiologic phenomena and production of ROS and ADM. We observed that long-term nCPAP was effective to improve nocturnal apnea and oxyhemoglobin desaturation and that the levels of circulating mediators were reduced following nCPAP. It has been reported that patients on longterm CPAP treatment show complete normalization of plasma ADM concentrations (28) . However, the mechanism of long-term CPAP efficacy on ADM normalization has not been elucidated. One of the possible explanations is that nCPAP decreases hypoxic episodes, resulting in the reduction of hypoxia-induced inflammation. Our results indicated that the reduced level of ADM was significantly correlated with the reduced degree of ROS production. The increased levels of ROS and oxidant stress may be responsible for the increased levels of ADM in OSAS. Although ADM is known as a potent vasodilator, the recent data suggest that ADM may also act as an antioxidant (15, 16) . The increased levels of ADM may be an adaptive mechanism against the severe oxidative stress due to intermittent hypoxia and increased production of ROS. There are the other possibilities. Because the OSAS patients have a higher sympathetic activity, a decrease in the sympathetic activity by nCPAP treatment may contribute to normalization of the ADM levels in OSAS patients (13) . The decreased BP by nCPAP treatment may also decrease the ADM levels in OSAS patients (13) .
To assess the severity of hypoxia induced by OSAS, we used the magnitude of the ODI. This parameter may reflect OSAS-induced hypoxic stress more quantitatively than AHI or nadir SaO 2 alone. The conventional way to assess the degree of OSAS is to count the number of apnea episodes alone, while ODI could reflect both decreases in SaO2 and time spent below 90%. However, to accurately analyze the hypoxic stress, exploring other indices of hypoxic stress may be important and helpful. The ODI is significantly correlated with the levels of ADM and ROS. Although the AHI is also correlated with both parameters, the relationship is more significant with ODI than with AHI or nadir SaO2. We have previously reported that increased levels of pro-inflammatory cytokines and C-reactive protein in plasma are decreased by nCPAP in patients with OSAS (11, 12) . The reduction of hypoxic stress and oxidant stress by nCPAP may contribute to a decrease in the inflammatory mediators. Theses results also support the notion that nCPAP has beneficial effects on circulating ADM and ROS production in patients with OSAS.
However, the role of ADM in the protective effect from vascular events in patients with OSAS remains to be elucidated. Although ADM is known to reduce ischemic brain injury after transient middle cerebral artery occlusion in animals, the protective effect of ADM on the brain injury severity following brain attacks in humans has not been determined (38) . Similarly, ADM administration immediately after myocardial infarction has been shown to ameliorate the progression of heart failure in animals (39) . However, the roles of ADM on the prevention of heart attacks in humans have not been elucidated. Further studies are needed to elucidate the role of ADM in prevention of vascular events in OSAS patients.
In summary, in the present study the levels of circulating ADM and ROS production were found to have increased in OSAS patients compared to those in obese control subjects. nCPAP therapy significantly decreased the levels of ADM and ROS production in patients with OSAS. Because the magnitude of ODI is significantly associated with the levels of ADM and ROS production, the amelioration of hypoxic stress and oxidant stress by nCPAP may be one of the mechanisms by which the circulating ADM level is reduced. Treatment of OSAS using nCPAP may be, therefore, a potential approach to decrease the risk of the progression of OSASassociated vascular disorders.
